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 Type IV pili are extracellular, filamentous, adhesive appendages that are assembled from 
a protein monomer called pilin. Type IV pili provide several properties to the bacterium, including 
twitching motility [1], DNA uptake [2], host-cell adhesion [3], and biofilm formation [4]. Besides 
these properties, type IV pili are also considered as the main virulence factor of bacterial 
pathogens. It has been shown that the C-terminal glycosylation of pilin, the pilus monomer, is an 
important source of bacteria virulence [5]. 
 To discover how glycans influence the conformation and virulence of the Type IV pilin, I 
used the Rosetta software suite to model the C-terminal glycans along with the terminal protein 
residues of two types of Type IV major pilins, PilA ACICU and PilA M2, and analyzed the 
obtained structures from the perspectives of structures, root-mean-square deviations, hydrogen 
bonds, energies and surface areas. The results show that PilA ACICU has a tendency to be more 
flexible while PilA M2 is more constrained. 
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Type IV pili are long, extracellular, filamentous adhesive appendages frequently expressed by 
Gram-negative [8–10] and Gram-positive [11,12] bacterial pathogens, as well as by archaea [13]. 
They are primarily composed of major pilin subunits, also known as PilA [9], which are repeatedly 
assembled and disassembled to mediate pilus function. There is also a small group of pilin-like 
proteins called minor pilins, which function in priming pilus assembly. 
A Type IV major pilin (PilA) is a small (~7–20 kDa) structural protein consisting of a conserved-
fold N-terminal α-helix of ~50 amino acid residues and a C-terminal, soluble, globular domain of 
~100 residues formed by a four-stranded antiparallel β-sheet, referred to as the pilin headgroup 
(Figure 1.1). The N-terminal α-helix and the β-sheet are connected by the αβ-loop. The N-terminal 
α-helix consists of two parts: a ~30-residue, hydrophobic, α-helical, N-terminal domain, referred 
to as the α1-N domain, and a ~20-residue, hydrophobic, α-helical, C-terminal domain near the 
headgroup, referred to the α1-C domain. The α1-N domain retains the monomers in the inner 
membrane prior to assembly. When pilins assemble into a pilus, the conserved hydrophobic N-
terminal α-helices are buried in the center of the pilus fiber, forming an inner core of the pilus, 




Figure 1.1 Cartoon models of a pilus fiber (left) and a pilin (right). Structures from the 
Neisseria gonorrhoeae Type IV pilus, created from PDB entry 2HIL [6] using the visualization 
tool, PyMol [7]. For the pilin, the α-helical N-terminal domain is colored blue, and the headgroup 
is colored orange and green. The C-terminal region is colored red. Coordinates courtesy of Dr. 
Kurt Piepenbrink (U. Maryland). 
Type IV pili are involved in several functional properties of bacteria including twitching motility 
[1], DNA uptake in natural genetic transformation [2], host-cell adhesion [3], and microcolony or 
biofilm formation [4]. Besides these properties, as the prominent surface structures of bacteria, 
type IV pili are the main virulence factor of bacterial pathogens. They are also one of the main 
targets of the host immune system. The efficacy of the bacterial pathogens to proliferate in the 
blood during productive infection depends on a bacterium’s ability to evade type IV pili-specific 
antibodies, and alternating induction and shutoff of pilus expression allows for successful evasion 
of the immune system. There are two main sources for the virulence of pilins. One is transferring 
DNA from the silent cassettes to the expression locus to generate multiple different antigens to 
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diversify the virulence of pilins. Another source of antigenic variation is post-translational 
modification, in particular, glycosylation. O-linked glycosylation has been found in multiple 
strains of both Pseudomonas aeruginosa [14] and Neisseria [15,16]. Additional glycosylation sites 
have been found in class II strains of Neisseria meningitidis, where they are hypothesized to play 
a role in immune evasion [17]. It has been recognized that the class II pilins of Neisseria 
meningitidis were lacking gene conversion while they could successfully evade the immune 
system, which suggested that glycosylation might also be an essential source of the virulence of 
bacterial pathogens [17]. 
In different bacterial species, the glycosylation of pilins may vary both in the glycosylation sites 
selected and in the identity of the glycan side chains. Genetic study of Neisseria meningitides 
showed that the sites of glycosylation were determined by the primary structure of the pilin, while 
which glycan was added was determined by the genetic background of the pilin [17]. Thus, as the 
structures of pilins vary, it is possible for a pilin to own a single glycan side chain or multiple 
glycan side chains at different sites with various carbohydrate compositions. 
Within given species, the minor pilins are typically well-conserved. Only the major pilins are 
highly variable [18–20] and then only in those regions left exposed in the assembled pilus [21]. To 
be specific, the N-terminal α-helix is well-conserved. From the 30th amino acid residue to the last 
residue of the PilA, the sequence exhibits considerable variations. 
This project focuses on the modeling of glycans of two distinct PilAs, PilA ACICU and PilA M2, 
which differ in sequence and structures, and represent two major groups of PilA in two 
Acinetobacter baumannii strains, A. baumannii ACICU and A. baumannii M2, respectively. 
Acinetobacter baumannii is a Gram-negative, opportunistic pathogen. A. baumannii ACICU (also 
known as H34) is an epidemic, multi-drug-resistant strain belonging to the European clone II group, 
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which was isolated in an outbreak in Rome in 2005 [22]. A. baumannii M2 (referred to as A. 
nosocomialis M2 in some publications) [23–25] was isolated in 1996 from a hip infection of a 
patient at Cleveland MetroHealth Systems (Cleveland, OH). 
Figure 1.2 Structures and sequences comparisons of PilA ACICU and PilA M2 [5]. (A) The 
superimposed structures of PilA ACICU and PilA M2. (B) The main chemical moieties of PilA 
ACICU and PilA M2. (C) The Sequence alignment of PilA ACICU and PilA M2. Figure from K. 
Piepenbrink, E. Lillehoj, C.M. Harding, J.W. Labonte, X. Zuo, C.A. Rapp, et al., “Diverse Type 
IV Pili in Multidrug-resistant Acinetobacter Mask Potential Antigens through C-terminal O-
Glycosylation,” J. Biol. Chem. (under review) (2016). 
PilA ACICU and PilA M2 share functional similarities while their structures and sequences vary 
a lot. From the perspective of sequence alignment (Figure 1.2C), beginning with Ala 23, there is 
a sequence identity of only 33% between the PilA ACICU and PilA M2 headgroups. By 
superimposing the two structures (Figure 1.2A), Many chemical moieties (functional groups) can 
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be found in similar positions (Figure 1.2B) that are not obvious from the sequence alignment, 
which indicates that pilins may be assembled through similar networks of non-covalent 
interactions. 
In addition to the sequence differences, PilA ACICU and PilA M2 also differ in the number of 
disulfide bonds they contain. PilA ACICU has two disulfide bonds. One, between residues Cys 
123 and Cys 136, is the C-terminal disulfide bond, which is nearly universal in type IV pili from 
Gram-negative bacteria, and the other, between residues Cys 74 and Cys 91, spans the first two 
strands of the central β-sheet (Figure 1.3a). However, this additional disulfide bond in PilA 
ACICU does not result in any substantial rearrangement of the protein backbone. 
Unlike PilA ACICU, PilA M2 contains only a single disulfide bond, between residues Cys 56 and 
Cys 86, in the αβ-loop and the first strand of the β-sheet, respectively, rather than a disulfide bond 
at the C-terminus of the pilin headgroup (Figure 1.3b). The addition of covalent disulfide bonds 
is typically understood to be a mechanism of stabilization in polypeptides, and hence the C-
terminal disulfide bond that is nearly ubiquitous in type IV pilins is thought to be conserved as a 
mechanism to stabilize the pilin fold [26]. I chose to model these two groups of PilAs because they 
are two representative groups of Type IV PilA with identical structures and sequences. 
As a major type of post-translational modification of proteins, glycosylation plays an important 
role in protein properties and functions. Recently, heightened attention has been drawn towards 
protein glycosylation in bacteria primarily because of the increasing frequency with which it is 
seen in pathogenic species [27,28]. In particular, most glycosylated proteins of bacterial pathogens 
are either surface localized or trafficked for secretion and appear to influence interactions with the 
host. Typical examples of pili among Gram-negative species include pilin subunits of P. 
aeruginosa [29] and Neisserial type IV pili (Tfp) [30]. Glycosylation facilitates solubilization of 
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pilin monomers and pilus fibers [24]. In many instances, glycosylation-defective mutants have 
been shown to be attenuated in virulence-associated properties and colonization [31–35]. As the 
glycosylation of Type IV pili is a possible virulence source of bacterial pathogens, I modeled the 
glycan side chains of PilA ACICU and PilA M2. 
Figure 1.3  Disulfide bonds within PilA ACICU and PilA M2. (a) The two disulfide bonds 
within PilA ACICU. One is between Cys 74 and Cys 91, and the other is between Cys 123 and 
Cys 136. (b) The single disulfide bond in PilA M2 is between Cys 56 and Cys 8. 
This thesis focuses on the glycans attached to pilins, for which an ensemble of each glycan was 
modeled based on the major polysaccharide glycan and each model minimized using Rosetta. The 
compositions of the polysaccharide glycan of PilA ACICU and PilA M2 are shown in Figure 1.4, 
and the information for each carbohydrate residue is listed in Table 1.1. 
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Figure 1.4 The glycans of PilA ACICU (a) and PilA M2 (b) [5]. 
For PilA ACICU, the glycan residues link to the C-terminal residue Ser 139 of the pilin monomer. 
This long glycan side chain is comprised of an N-acetylglucosamine (GlcNAc), a galactose (Gal), 
an N-acetylgalactosamine (GalNAc), another GlcNAc and a 6-deoxy glucose called quinovose 
with its R3Hb ((R)-3-hydroxybutyrate) side chain. 
For PilA M2, the glycan residues link to the terminal Ser 136 of the M2 pilin monomer. Unlike 
the linear glycan chain of PilA ACICU, that of M2 has a compact globular conformation starting 
with a GlcNAc residue. A galactose, another GlcNAc, and a rhamnose are linked to the GlcNAc 





Table 1.1 Glycan information for PilA ACICU and PilA M2. 
 
II. Rosetta modeling 
Rosetta [36] is a comprehensive software suite for modeling macromolecular structures. As a 
flexible, multi-purpose application, it includes tools for structure prediction, design, and 
remodeling of proteins and nucleic acids. 
Rosetta is a structure-prediction tool which offers a wide variety of effective sampling algorithms 
to explore backbone, side-chain, and sequence-space for macromolecules and its excellence has 








IUPAC Designation Class 
1 GlcNAc →3)-2-(Acetylamino)-2-deoxy-β-D-glucose HexNAc 
2 Gal →3)-α-D-Galactose Hex 
3 GalNAc →4)-2-(Acetylamino)-2-deoxy-β-D-galactose HexNAc 
4 GlcNAc →6)-2-(Acetylamino)-2-deoxy-α-D-glucose HexNAc 









IUPAC Designation Class 
1 GlcNAc [→6)-]-[→4)-]-→3)-2-(Acetylamino)-2-deoxy-β-D-glucose 
HexNA
c 
2 Gal β-D-Galactose Hex 
2’ GlcNAc 2-(Acetylamino)-2-deoxy-β-D-glucose HexNAc 
2’’ Rha (Rhamnose) 6-Deoxy-α-L-Mannose dHex 
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Assessment of PRotein Interactions (CAPRI) [38]. Rosetta boasts broadly tested scoring (energy) 
functions and contains an unparalleled breadth of applications from folding to docking to design 
[36]. 
The scoring function of Rosetta calculates the energy of a structure based on a combination of 
physics-based and statistics-based potentials. The energy unit I used here, the Rosetta Energy Unit 
(REU), does not match up with actual physical energy units (e.g., kcal/mol or kJ/mol). Instead, 
Rosetta energies are on an arbitrary scale. The value of 1.00 REU could change based on the 
particular score function used, so an "REU" for one protocol might not be comparable to an "REU" 
for another protocol. 
The basic idea of modeling a molecule is to perturb different torsion angles of residues and then 
compare the energy changes to decide whether accept the perturbation or not. Each perturbation 
applied to the molecule is called a ‘move’, which is realized by a ‘mover’. In Rosetta, several 
components are typically used to make a complex algorithm. One such component is a Monte 
Carlo object. By performing a Monte Carlo object, all energy changes for each move are kept, and 
whether to accept a move or revert it back is based on the energy change, which is decided using 
the Metropolis criterion. If the new move results in a lower score, the move is accepted. If the new 
score is higher than the old one, the acceptance rate for this movement is 𝑃𝑃 = 𝑒𝑒−∆𝐸𝐸 𝑘𝑘𝑘𝑘⁄ , where the 
default value of kT is 1.00 REU. Monte Carlo searches are often paired with minimization, which 
is to minimize the energy of current structure to a local energy minimum before energy 
comparison. This Monte Carlo plus minimization method [39] makes the Monte Carlo searching 
more efficient. 
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III. Main goal of this thesis 
The goal of my thesis project is to model the C-terminal glycans of PilA ACICU and PilA M2, to 
find the best conformations of the C-terminal glycans and the most probable conformations of the 
structures, as well as to enhance the capacity of current ligand predictive models. 
As former studies have shown that multisite glycosylation of the Type IV pilin resulted in coverage 
of the pilus surface, so that the virulence of the bacterial pathogens might be impacted by 
glycosylation, it is also worth comparing changes in surface area to measure the extent to which 




I. Generation of initial structures 
Initial structures of PilA ACICU and PilA M2 monomers were built by Dr. Kurt Piepenbrink (U. 
Maryland) [40] using the structure of the full-length P. aeruginosa PAK pilin. Initial assembled 
models of the pili were created by superimposition onto a model of the N. gonorrhoeae Type IV 
pilus filament (Protein Data Bank ID 2HIL, 12.5 Å resolution) [6], and adjustment of the N-
terminal helix position to eliminate clashes between subunits. The resulting models then underwent 
rigid-body minimization by UCSF Chimera [41]. These were further adjusted by Dr. Jason 
Labonte (Johns Hopkins University) using the Discovery Studio Visualizer software [42]. 
My test runs indicated that the glycan of a single PilA ACICU protein monomer could not interact 
with any neighbor monomers. However, for PilA M2, though the glycan of PilA M2 was short and 
would not interact with the main body of the pilin protein to which it linked, the glycan would 
interact with the headgroup of its neighbor pilin. Thus, I used the monomer for PilA ACICU 
modeling, while I used the dimer for PilA M2 modeling. 
Because the initial structures, the monomer of PilA ACICU and the dimer of PilA M2, were chosen 
from the already assembled pilus fiber complex models, there were steric clashes found at the 
joints of two neighbor pilins, which resulted in extremely poor Rosetta scores. So before modeling, 
I deleted several residues of the N-terminal α-helix. To be specific, the first 17 residues of PilA 
ACICU and the first 25 residues of PilA M2 were deleted. These deleted regions are far from the 
glycan side chain; thus, the deletion does not influence the modeling results. However, there were 
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still clashes in the αβ-loop of PilA M2, which increased the total score of PilA M2. I kept the 
clashes since they would not influence the modeling of the carbohydrates. 
Before modeling, the structures were pre-packed and minimized to avoid any unexpected atom 
placing error or clash. 
II. Computational model 
a. MoveMap 
Within the code for a Rosetta protocol, a MoveMap object specifies which degrees of freedom are 
fixed and which are free to change. In this project, the backbone and the side chains of the 
saccharide residues and the amino acid “tail” of the pilin are free to move. Other degrees of 
freedom are fixed. The tail region refers to the amino acid residues after the last C-terminal α-
helix of the pilins. The glycans of PilA ACICU and PilA M2 are both linked to the terminal serines 
of their pilin protein monomers. So for both PilA ACICU and PilA M2, the glycan side chain was 
modeled along with the tail region, since together they acted as a long tail and were able to swing 
relatively freely. 
Before the tail region, it was assumed that the protein monomer would not make large movements 
due to hydrogen bonds and other interactions between secondary structures, and the protein body 
of the pilin has little influence on the glycan side chain. Thus, for pilin ACICU, the amino acid tail 
region is 15 residues, from Thr 125 to Ser 139. For pilin M2, the tail region is 19 residues, from 
Lys 118 to Ser 136. 
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b. Score function 
A score function was created based on the default Rosetta full-atom score function, a well-trained 
scoring function that includes comprehensive physics-based and statistics-based potentials. Table 
2.1 lists the weight of each score term of the original score function and the score function I used 
in this project. The weight of each term of my score function remains the same as the original, 
except the fa_intra_rep score term, which stands for the full-atom intra-residue repulsive Van der 
Waals energy. The weight of the fa_intra_rep score term was tuned up from 0.004 to 0.440 due to 
the Dunbrack rotamer energy scoring difference between amino acids and carbohydrates. The 
fa_dun term, which refers to the Dunbrack rotamer energy, has already  











Scores Original Weight Modified Weight 
fa_atr 0.800 0.800 
fa_rep 0.440 0.440 
fa_sol 0.750 0.750 
fa_intra_rep 0.004 0.440 
fa_elec 0.700 0.700 
pro_close 1.000 1.000 
hbond_sr_bb 1.170 1.170 
hbond_lr_bb 1.170 1.170 
hbond_bb_sc 1.170 1.170 
hbond_sc 1.100 1.100 
dslf_fa13 1.000 1.000 
rama 0.200 0.200 
omega 0.500 0.500 
fa_dun 0.560 0.560 
p_aa_pp 0.320 0.320 
ref 1.000 1.000 
sugar_bb 1.000 1.000 
 14 
included the fa_intra_rep term for amino acids, thus the weight of the fa_intra_rep is set to a small 
value. However, the fa_dun term does not include the fa_intra_rep for glycans. As the goal is to 
model glycans, so I tuned up the weight of fa_intra_rep to 0.44, the same as the one of fa_rep, the 
full-atom repulsive Van der Waals energy. 
III. Glycan modeling algorithm—FloppyTail algorithm 
To model the terminal glycan side chains of both PilA ACICU and PilA M2, a refined FloppyTail 
algorithm [43,44] was applied due to its outstanding performance in the modeling of terminal 
residues of molecules which may have an ensemble of native-like structures as the swinging of 
terminal tail makes the energy of each structure indistinctive.  
The two basic moves, small/shear moves, are applied to change the torsion angle. A small move 
is the simplest move, which perturbs φ/ψ of a random residue by a random small angle. A shear 
move perturbs φ of a random residue by a small angle and ψ of the same residue by the same small 
angle of opposite sign [45]. 
The fundamental idea of the FloppyTail algorithm (Figure 2.1) is to apply a set of torsion angle 
perturbations of the backbone to collapse the tail into a folded conformation from an initially 
straight-out-into-space extended conformation, which is to say the algorithm roughly searches for 
energy minima along the energy landscape of the structure. And then recovers the lowest energy 
structure and uses more precise small/shear moves with side chain repacking to refine its position. 
This is conceptually similar to how ab initio folding works in Rosetta, although it was not designed 
for that purpose (and does not contain temperature-scheduling, etc.) Because the tail of the starting 
structure was manually made, the starting structure was far away from the native ones, and the 
energy of the starting pose is considerably higher than the top-scoring structure. 
 15 
Figure 2.1 A flowchart of the FloppyTail algorithm. The left half is the broad search stage, 
and the right half is the refined search stage. 
A refined two-stage FloppyTail algorithm was made for the glycan side chain modeling of PilA 
ACICU and PilA M2. 
a. The broad search: gradient based modeling stage 
In the broad search stage, a gradient-based perturbation of the torsion angles is applied. At the 
beginning, the maxima of the phi (φ) and psi (ψ) torsion angles are set to 180°. After a set of small 
moves and shear moves, the structure is minimized, and its local energy minimum is located by 
applying the Metropolis criterion. Then, the maxima of the φ/ψ torsion angles are divided into half. 
The process is repeated five times until the maxima of the φ/ψ torsion angles become 5.6°. 
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b. The refined search: rotamer packing stage 
Rotamers are a library of the most likely, low-energy side-chain conformations, which are used to 
pack side chains for both amino acid and carbohydrate residues. In the refined search stage, there 
are two tasks: a precise torsion angle perturbation and rotamer packing, and packing rotamers is 
the main factor of increasing the total computational complexity for the protocol. 
In the refined search refinement stage, the lowest energy structure from the broad search stage is 
recovered and then refined in the refined search step by applying a more precise perturbation of 
the torsion angles, with the maximum φ/ψ torsion angles set as 4°. Importantly, in the refined 
search stage, side-chain packing and rotamer packing are involved. The resulting structure is then 
minimized to locate its local energy minimum with acceptance or rejection according to the 
Metropolis criterion. 
With this protocol, 8,000 structures were generated each for PilA ACICU and PilA M2. 1,000 





I. Analysis of modeling effectiveness 
The premise of an effective broad search modeling stage is to make sure that there are enough 
trajectories of torsion angle perturbations at the broad search stage so that the structure can go 
through all possible conformations and then use Monte Carlo to accept a move or not. Enough 
generated structures are needed to avoid ineffective sampling. In this project, 8,000 structures were 
generated for each target. At the broad search stage, there are 14,250  perturbations of torsion 
angles, including phi (φ), psi (ψ) and (ω). At the refined search stage, there are 6,000 times precise 
torsion angle perturbations and rotamer packings. 
The broad search stage plays a fundamental role in the modeling process. From a structural 
perspective, the conformation is dramatically changed by gradient-based torsion angle 
perturbations as the maximum magnitudes of perturbations decrease from 180° to 5.6°. From an 
energy perspective, the structure can jump out of a local minimum and search along the energy 
landscape to find another, lower minimum at the broad search stage. Thus, the effectiveness of the 
broad search stage should be validated first. To assess the searching effectiveness of the broad 
search modeling stage, there were 1000 structures for PilA ACICU and PilA M2 generated from 
broad search sampling. The score distributions of these structures are shown in Figure 3.1. 
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Figure 3.1 Score distributions of PilA ACICU and PilA M2 after the broad search stage. (a) 
The score distribution of PilA ACICU after the broad search stage. (b) The score distribution of 
PilA M2 after the broad search stage. 
For PilA ACICU, after the gradient-based broad search stage, the scores of the whole pilin with 
glycan of the 1000 structures ranged from 6 to 19 Rosetta Energy Units (REU). The scores of 4% 
of the structures are below 8 REU, which is the top 18.9% of the score range. 
The scores of the 1000 PilA M2 structures with glycans range from 350.5 to 357 REU. The score 
range of PilA M2 is nearly the half of PilA ACICU’s. The scores of 3% of structures are below 
351.5 REU, which is the top 23.4% of the score range. 
In this project, PilA M2 always has a smaller score range compared with PilA ACICU. Although 
the tail region is very long and able to move in a large space, compared with PilA ACICU, the 
protein part of PilA M2 is more compact, and there are more hydrogen bonds found in the tail 
region. Also, unlike the long glycan of PilA ACICU, the short, globular glycan side chain of PilA 
M2 has a smaller space to move around, and this glycan frequently interacts with its neighbor pilin 
monomer, which prevents it from moving around. Thus, the conformations of PilA M2 varies little, 
so the score range of PilA M2 is smaller than PilA ACICU.  
PilA ACICU PilA M2 
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Figure 3.2 shows the score distributions of those two structures after the whole protocol. 
Interestingly, though the conformations of PilA M2 remain similar to each other, the score range 
of PilA M2 becomes larger after the refined search stage compared with its 1000 broad search 
results, which implies that the refined search stage might have the major impact on score changes. 
That is to say the side-chain packing might be the major source of score differences for PilA M2. 
Figure 3.2 Score distributions of PilA ACICU and PilA M2 of the 8000 structures after the 
entire protocol (a) Score distribution of PilA ACICU (b) Score distribution of PilA M2. 
II. Structures analysis 
There were 8000 structures each generated for PilA ACICU and PilA M2 with the protocol. The 




PilA ACICU PilA M2 
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Figure 3.3 Structures obtained with the modeling protocol. (a) The front views and top views 
of the best, ten top-scoring, and randomly chosen 20 structures of PilA ACICU monomer. (b) The 
front views and top views of the best, ten top-scoring, and randomly chosen 20 structures of PilA 
M2 dimer. 
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For PilA ACICU, the tail regions of all the structures stay at similar positions, but the long 
carbohydrate portion curls, beginning at the 4th glycan GlcNAc. The glycans of the top 10 
structures form a 70° sector near the headgroups of the pilin proteins. Theoretically, as the glycan 
side chain does not have permanent contact with its protein body, it is able to swing around the 
pilin protein within a large angle range without drastic energy changes. However, the tail region 
does not move much, because the bond angles and torsion angles of the first glycan is important 
to the entire conformation of the glycan side chain. Any unfavorable angles would contribute to 
high scores. So the glycan side chains of the top-scored structures stay in the small 70° fan-shaped 
sector. 
For PilA M2, the initial model contains two pilin monomers, chain A and chain B. I only modeled 
the protein tail region and the glycan side chain of chain B (the left monomer in the figure). Both 
the tail region and the glycan side chain retain a stable and conserved conformation. Looking at 
the ten top-scoring structures and random 20 structures of PilA M2, there are no obvious 
differences among those structures. The root-mean-square deviation (rmsd) analysis also stresses 
the structural similarity of the ensemble of PilA M2. 
III. Rmsd analysis 
Root-mean-square deviation (rmsd) represents the extent of position deviation between two 
structures, derived from the distances between their corresponding Cα atoms of amino acid 
residues and C1 atoms of carbohydrates. For all the rmsd vs. score plots in this paper, the reference 
positions (at rmsd=0 Å) are set as the positions of the lowest scored structures, which are assumed 
to be the top-scoring structures. A large value of rmsd means the structure is far from the lowest 
scored structure. 
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For PilA ACICU, as mentioned above, the glycan side chains of ten top-scoring structures form a 
70° sector near the headgroups of the pilin proteins. Within this sector, the conformations are 
considered stable and have low energies. In Figure 3.4a, the lowest-scoring structure is set as the 
reference structure (rmsd = 0 Å). The rmsds of the other top 10 structures, for which the glycan 
side chains are within the 70° sector, are around 1.0 Å. Also, the center of the darkest area above 
the top 10 structures, which stands for the majority of the 8000 structures, is around 1.0 Å as well. 
This phenomenon indicates that conformations with glycan side chain within the 70° sector near 
the headgroups of the pilin proteins are favored. The score differences of these structures may 
mainly come from rotamer packing. 
Interestingly, three “good” structures of PilA ACICU are found with low energies but show a wide 
variation in conformations compared with the top-scoring structures. These structures are far away 
from the lowest-scored structure, and their rmsds are larger than 4.0 Å. So here I call them “far” 
structures. Unlike the best-scoring structures, the glycan side chains of the far structures bend to 
an almost opposite direction at Gly 137 of their protein tail region (Figure 3.5a). As shown in 
Table 3.1 and Figure 3.5b, Gly 137 of the tail region is flexible due to its highly variable backbone 
torsion angles (especially the φ angle in this case [46]). This results in a very different glycan side 
chain position. However, this direction change of the glycan side chain is realized at the expense 
of a score increment, which is approximately 2 to 4 REU (blue points of Figure 3.4a). Although 




Figure 3.4 Funnel plots of PilA ACICU (a) and PilA M2 (b). Each of 8000 glycostructures for 
each protein is plotted. The ten top-scoring structures are colored red. The blue points are the 
structures farthest from the top scoring pose, but still having good scores. The green points are the 
1000 structures without glycan side chains, generated with the same protocol. 
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For PilA M2, the rmsds of all the structures are within 1.0 Å. The rmsds of the majority are within 
0.4 Å. Though PilA M2 has a long tail region to move, 19 residues from Lys 118 to Ser 136, the 
tails are held to the pilin protein bodies by the strong forces between pilins and tails. Also, the 
short and globular glycan side chain is compact, so it cannot move to a far position. 
Table 3.1 φ/ψ torsion angles comparison of the top-scoring structures and far structures, from 
residue 135 to 138. 
By employing the same modeling protocol, and with the setting that only the tail region was free 
to move, there were 1000 structures generated for each structure without glycans. These structures 
are shown in Figure 3.4 as the green points. For PilA ACICU, the scores range from -15.63 to -
5.39 REU. The rmsds are less than 0.50 Å for 96.2% of all structures. For PilA M2, the scores 
range from 327.80 to 334.77 REU and most structures have a rmsd less than 0.20 Å. For both PilA 
ACICU and PilA M2 without carbohydrates, the lowest scores are much smaller than the ones 
with the glycan side chains, suggest the score contributions of glycan side chains are around 15 
REU. The ranges of their rmsds are smaller compared with the former results, suggesting that the 
total rmsd of a structure is contributed to by the glycan side chain. 
 
structures 
135 136 137 138 
φ ψ φ ψ φ ψ φ ψ 
Far_1 68.40 11.31 -97.34 147.35 126.12 -157.09 -149.23 155.95 
Far_2 92.57 -6.63 -96.84 148.60 68.27 -122.93 -68.98 144.97 
Far_3 74.44 15.66 -117.27 144.52 102.80 152.02 -61.32 148.38 
Best 75.38 11.66 -109.03 135.14 -124.62 -142.63 -153.12 154.65 
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Figure 3.5  The structures with good scores but high rmsds of PilA ACICU. (a) The structures 
change direction at Gly 137. (b) A φ of Gly 137 comparison between the best and the far_1 
structures. 
IV. Hydrogen bonds 
For PilA ACICU, from residue Arg 132 to the end of the glycan side chain of pilin ACICU, there 
are 12 hydrogen bonds observed (Figure 3.6 a), five of which exist in all the ten top-scoring 
structures (Figure 3.7). These five hydrogen bonds are between the tail and the main body of the 
pilin protein. They should play an important role in holding the protein tail back to the protein 
body, stabilizing the conformation and minimizing the energy of the structure. 
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Figure 3.6 Hydrogen bond counts of the ten top-scoring structures of PilA ACICU (a) and 





































Figure 3.7 Hydrogen bonds of PilA ACICU between the glycan side chain and Glu 105, Asp 
109. (a) Hydrogen bonds 1st GlcNAc O4-1st GlcNAc O6, and 1st GlcNAc O6-Asp 109, from the 
lowest score structure. (b) Hydrogen bonds 1st GlcNAc-2nd Gal and 2nd Gal-Glu 105. (c) Hydrogen 
bonds 1st GlcNAc O4-1st GlcNAc O6 and 1st GlcNAc-Glu 105. 
Figure 3.8 Hydrogen bonds of PilA M2 between the glycan side chain and the neighbor pilin. 
(a) Hydrogen bond between galactose and Ser 71 of the neighbor pilin. (b) Hydrogen bond between 




For PilA M2, from residue Asp 123 to the ends of glycan of pilin M2, there are 11 hydrogen bonds 
found in the best 10 structures (Figure 3.6 b). Interestingly, for the glycan of pilin M2, the four 
carbohydrate residues have fewer hydrogen bonds compared with pilin ACICU. The hydrogen 
bonds with the glycan side chain involved are found between the galactose, which links to the 
center glucose at the 6th carbon, and the amino acids of the neighbor pilin monomer (Ser 71 and 
Lys 93, respectively) (Figure 3.8). The energies of these two hydrogen bonds are -0.356 and -1.14 
REU respectively. The interaction with Ser 71 is more common. The interactions between 
monomers may restrain the short glycan side chain from moving around and slightly contribute to 
the pili assembling as well. More importantly, the glycan side chain might influence the virulence 
of pilins and pili by covering the neighbor pilin protein surface. 
V. Energy comparison 
To explore which factors contribute to the total energy differences, I compared the energy of each 
residue within the tail region and glycan of the top 10 conformations for both PilA ACICU and 
PilA M2 (Figure 3.9). For both PilA ACICU and PilA M2, within the tail region, the energy of 
each residue does not vary much. So the energy lines are overlapped at the tail regions. Specifically, 
for PilA ACICU, hydrogen bonds are found among residue 133, 136, and 137 in all conformations; 
thus, the energy of these residues are lower than those of other peptide residues. For PilA M2, the 
figure shows a gentle upwards-sloping line within the tail region, indicates that the tail region has 





Figure 3.9 Residue-by-residue energy comparison for top 10 structures of PilA ACICU and 
M2. (a) The energy comparison of PilA ACICU. (b) The energy comparison of PilA M2. The 





























































When it comes to glycans, there are significant energy gains for several glycan residues. For 
example, the 2nd glycan Gal of PilA ACICU has an energy of 6 REU. What is more, the energy of 
the 1st glycan Glc of PilA M2 is 6 REU, and the 4th glycan Rha of PilA M2 has an energy above 
12 REU. These high scores result from the “sugar backbone” energy term, which can only be found 
in glycans and is always positive. The default weight of the “sugar backbone” is 1 in the score 
function. So it is meaningless to compare energy of glycans with the energy of peptide tail regions. 
In PilA M2, the energy of the 1st glycan Glc seems different from other glycan residues. Its energies 
vary from 3 to 6 REU though the conformations are very similar to each other. This Glc locates at 
an essential position since other three glycans are connected to it, so any slight changes of these 
glycan conformations will influence the torsion angles of the 1st Glc, thus the energies of the 1st 
Glc vary largely. 
VI. Surface area comparison 
The solvent-accessible surface area (SASA) is the surface area of a molecular that is accessible to 
a solvent. In Rosetta, there is a series of functions for SASA calculation for molecules. Here, I 
used Rosetta to calculate the SASA of PilA ACICU and PilA M2 to find the surface area changes 
of different conformations. 
I analyzed the SASA of the ten top-scoring structures of PilA ACICU and PilA M2, which differ 
in the surface area in total (Atot) or just in the protein (Ap) or glycan (Ag) portions or in the contact 




For PilA ACICU (Table 3.2 and Figure 3.10), the 5th, 7th, and 8th structures are the most 
representative structures to discuss the area changes. The 5th structure has the lowest score, the 
largest total surface area, and the smallest protein-glycan contact area (Apg) among the ten top-
scoring structures. The 7th and 8th structure have the smallest total surface area and the largest 
protein–glycan contact area among the ten top-scoring structures. Additionally, the 8th structure 
has the largest glycan surface area among the ten top-scoring structures. 
Table 3.2 SASA comparison of PilA ACICU. 
For PilA M2 (Table 3.3 and Figure 3.10), because I modeled a single glycan side chain of a dimer, 
and the glycan side chain is contact with the neighbor monomer, the area of PilA M2 calculated 
here has different definitions compared with PilA ACICU, but the protein–glycan contact area Apg 
is comparable to that of PilA ACICU. There is no significant difference found in the surface area 
of PilA M2 due to the similarity of the top 10 conformations. However, the protein–glycan contact 
area Apg of PilA M2 is larger (with an average of 189.9 Å2) than that of PilA ACICU (with an 













1 0.78 8209.14 7214.28 1311.39 158.26 
2 1.75 8279.12 7210.14 1305.23 118.12 
3 1.76 8262.20 7214.43 1294.61 123.42 
4 1.85 8319.18 7208.85 1348.11 118.89 
5 1.96 8333.02  7227.03  1342.72 118.37 
6 2.04 8283.86 7211.96 1313.63 120.86 
7 2.06 8121.25  7192.87  1296.75 184.19 
8 2.09 8220.96  7238.16  1374.54 195.87 
9 2.15 8296.69 7194.96 1354.04 126.15 
10 2.16 8298.87 7214.12 1332.53 123.89 
Min 0.78 8121.25 7192.87 1294.61 118.12 
Max 2.16 8333.02 7238.16 1374.54 195.87 
Avg 1.86 8262.43 7212.67 1327.36 138.80 
σ (stddev) 0.41 63.19 13.30 27.03 29.59 
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average of 138.8 Å2). This phenomenon is led by the contact between glycan and the neighbor 
pilin protein; thus, the glycan covers some part of the neighbor pilin  
protein, which reduces the total surface area and increases the protein–glycan contact area. 
Table 3.3 SASA comparison of PilA M2 dimer. Apg here refers to the protein–glycan contact 
area between a single glycan side chain and its neighbor pilin protein. Other area terms refer to the 




























1 342.26 13069.00 12074.82 1717.19 361.50 176.75 
2 342.35 13044.83 12031.22 1755.70 371.05 185.70 
3 342.89 13068.62 12039.15 1743.62 357.08 172.22 
4 343.13 12995.86 12037.90 1740.33 391.19 206.53 
5 343.15 12964.77 12042.27 1703.63 390.56 205.95 
6 343.36 13040.09 12065.22 1748.46 386.80 201.99 
7 343.81 13041.82 12047.80 1742.90 374.44 189.78 
8 344.05 13036.38 12071.31 1744.74 389.83 205.71 
9 344.09 13014.75 12041.04 1757.08 391.69 207.16 
10 344.15 13071.66 12037.76 1696.50 331.30 146.72 
Min 342.26 12964.77 12031.22 1696.50 331.30 146.72 
Max 344.15 13071.66 12074.82 1757.08 391.69 207.16 
Avg 343.32 13034.78 12048.85 1735.02 374.54 189.85 





Figure 3.10 SASA comparison of PilA ACICU (a) and PilA M2 (b). 
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As shown in Table 3.2 and Figure 3.11, there are two small contact regions found in the 5th 
structure, and the contact area of the 5th structure is extremely small, since its glycan is vertical to 
the β-strands of the headgroup. Thus, the protein–glycan contact area between the glycan and the 
pilin protein is less than in other cases (Figure 3.11c). On the contrary, the 7th and the 8th structures 
have similar conformations. The glycans are tangent to the β-strands, so that some part of the β-
strands are buried (Figure 3.11a,b). The total surface area of the 7th and the 8th structures is reduced 
by enlarging the protein–glycan contact area (Figure 3.11d,e). 
Figure 3.11 SASA comparison of PilA ACICU. (a)–(c) The top views of the glycan surfaces. 
The 5th structure with a lowest protein-glycan contact area is colored gray, and the 7th structure is 
colored yellow. The 8th structure is colored blue. (d) The protein–glycan contact area (Apg) of the 
7th and 8th structures. (e) The Apg comparison of the 5th structure and the 7th structure. 
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From an experimental view, the accessible surface area was then measured by Dr. Kurt 
Piepenbrink (U. Maryland) using a 10 Å particle probe to approximate the surface area needed for 
protein binding. The resulting models are shown in Figure 3.12 and the change in accessible 
surface area for each protein in Figure 3.13. In both cases, C-terminal glycosylation significantly 
reduces the surface area available for antibody binding. While the total area masked by the glycan 
is similar for the two structures, it is distributed differently between the two; all of the buried 
surface area for the ACICU glycan is contained within a single subunit while in the case of the M2 
glycan, it is split between two neighboring subunits [5]. 
 
 
Figure 3.12 Models of glycosylated Acinetobacter Type IV Pili. models of assembled type IV 
pili from A. baumannii ACICU (orange) and A. nosocomialis M2 (blue) are depicted with semi-
transparent surfaces; glycan residues are shown in grey. Inset panels show detail of the computed 
glycan conformations [5]. Figure from K. Piepenbrink, E. Lillehoj, C.M. Harding, J.W. Labonte, 
X. Zuo, C.A. Rapp, et al., “Diverse Type IV Pili in Multidrug-resistant Acinetobacter Mask 





Figure 3.13 Accessible surface area calculations. The surface area of a single pilin monomer in 
an assembled pilus exposed to a 10 Å probe is shown for both A. baumannii ACICU (orange) and 
A. nosocomialis M2 (blue), with and the without the C-terminal glycan [5]. Figure from K. 
Piepenbrink, E. Lillehoj, C.M. Harding, J.W. Labonte, X. Zuo, C.A. Rapp, et al., “Diverse Type 
IV Pili in Multidrug-resistant Acinetobacter Mask Potential Antigens through C-terminal O-




This project modeled the repeat unit of the C-terminal glycan side chains of the Type IV major 
pilins, PilA ACICU and PilA M2, and low energy conformations and other potential conformations 
were obtained. However, an unexpected phenomenon in this work happens to the modeling of PilA 
M2. Although the modeling protocol and initial setting of movemaps for those two pilins are the 
same, all PilA M2 structures obtained from the process do not have apparent different 
conformations, which leads to totally different conformation and energy analyses for PilA ACICU 
and PilA M2, and suggests that the glycan might have a rigid structure. However, though the 
conformations of PilA M2 are highly similar to each other, the scores of PilA M2 structures vary 
largely, which implies that PilA M2 may have a favored backbone conformation, so that its energy 
changes mainly come from side-chain packing, not from the backbone conformation. On the 
contrary, the score changes of PilA ACICU are mainly from the backbone movements compared 
with PilA M2. 
Glycosylation reduces the accessible surface area of the Type IV pilin, which to some extend 
prevent pilins from binding with antibodies. The linear glycan of PilA ACICU is more flexible 
while the globular glycan of PilA M2 retains constrained. Specifically, as linear glycan is more 
flexible than globular glycan, it can cover more surface area.  
This project is one of the first applications which modeling peptide residues and carbohydrates 
simultaneously. In this project, protein and glycan residues were modeled simultaneously using 
the same algorithm, but these two components differed a lot, especially in the energy score 
calculation and rmsd calculation. As we know, carbohydrates and other types of ligands are 
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structural different from amino acids. Unlike amino acid residues, carbohydrates have different 
structural properties (different backbone torsion angles and energy scoring terms, etc.) which 
complicated the overall modeling process. To meet the requirements of glycan modeling, I 
modified the score function. Moreover, I calculated the rmsd of structures based on the 
combination of Cα atoms of amino acids and C1 atoms of carbohydrates. Moreover, when 
calculating energies of protein and glycan residues, there are different energy terms used, thus the 
comparison of energy between protein and glycan is not proper. We can only compare energy 
changes within the same residue or component. This project has enhanced the capacity of current 
ligand predictive models. 
Based on the Type IV PilA ACICU monomer and PilA M2 dimer modeling results, future work 
on the glycan modeling of the assembled Type IV pili can be realized. Also, the glycans I modeled 
in this project are just for specific Type IV pilin species, so it is promising to model other types of 
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